More than 150 subglacial lakes have been discovered in Antarctica so far. Due to obvious challenges with exploration, numerical modelling remains one of the major tools to acquire information about those hard-to-access objects. Until now only the huge Lake Vostok has been investigated in detail. This paper focuses on Lake Concordia -the second largest subglacial lake in Antarctica over which substantial geophysical data has been collected. This lake is covered by about 4000 m ice and is located near Dome C. In order to apply numerical models to the hard-to-access Antarctic subglacial lakes, decent geometries and boundary conditions are required. In this study we present the results of airborne gravity inversion, suggesting that this lake has an area of 617 km 2 , a volume of 31 km 3 , and a maximum water column thickness of 126 m. This bathymetry is used as geometry input for an established 3D-numerical lake-flow model to simulate the circulation and basal mass balance. Compared to our model studies of subglacial Lake Vostok, we obtain a general circulation pattern that is significantly weaker (due to the smaller size of the lake) and of reversed orientation (due to the reversed ice surface tilt). The modelled mean horizontal and vertical velocities are in the order of 0.2 mm/s and 0.5 µm/s, respectively. The larger molecular convective velocity estimations (1.35 ± 0.13 mm/s and 0.81 ± 0.08 mm/s) are similar to Lake Vostok's. The modelled average melting and freezing rates are 4.3±1.1 mm/a and 1.1±0.3 mm/a, respectively, and the corresponding fresh water gain is 58±27 dm 3 /s. Integration of the modelled freezing and melting along prescribed ice flow lines allows us to calculate the distribution and thickness of accreted ice at the ice sheet bottom. We estimate a volume of 2.6±2.0 km 3 (8.3 ± 8.2% of the total lake volume) occupying the north-eastern corner of the lake covering an area of 159±48 km 2 (26 ± 9% of the total lake area). With about 16 800±7 600 years, the residence time of the lake's water is significantly shorter than Lake Vostok's.
Introduction
About 150 subglacial lakes have been identified in Antarctica so far (Siegert et al., 2005) . The largest one -Lake Vostok -attracts much of scientific attention due to to the potential for extremophiles confined in the waters of the lake. The presence of a sustained microbial ecosystem in the subglacial environment is hypothesized, based on the analysis of accreted ice recovered from Lake Vostok's ice core. In this core higher concentrations of microbial remnants compared to the meteoric ice have been identified, indicating the potential existence of life forms in the lake, as was speculated over a long period of time (Souchez et al., 2003; Christner et al., 2006) . Due to obvious difficulties with exploration of subglacial lakes, numerical modelling remains an important tool to examine internal processes, such as the water circulation or melting and freezing processes at the ice-water interface. Due to its large size, the majority of previous studies on Antarctic lakes have focused on Lake Vostok: Several geometric models have been constructed Roy et al., 2005; Filina et al., 2008) , detailed information about the ice flow across the lake has been published (Kwok et al., 2000; Tikku et al., 2004) , and some (more or less simplified) numerical flow models have been applied (Wüest and Carmack, 2000; Williams, 2001; Walsh, 2002; Mayer et al., 2003) . Even a laboratory analogue study has been performed (Wells and Wettlaufer, 2008) indicating principle flow patterns. However, comparisons with these early models showed, that only with sophisticated 3D-models and a realistic bathymetry sensible results can be expected (Thoma et al., 2007a) . Successive studies, applying the most reasonable boundary conditions, have investigated the circulation, the mass balance at the ice-lake interface, the tracer dispersion within the lake, and the amount of accreted ice at the icelake interface for Lake Vostok (Thoma et al., 2007a (Thoma et al., ,b, 2008a Filina et al., 2008) , but no adequate information (e.g., water depth, ice thickness, grounding line, heat fluxes) was available about any other subglacial lake until now. In this study we turn towards Lake Concordia which is located near Dome C at 74.0
• S and 125.2 • E (see inlet in Figure 1a ) and many times smaller than Lake Vostok. We introduce the new bathymetry into our numerical flow model and investigate the mean flow pattern and the basal mass balance. The calculated melt and freeze rate is combined with the observed ice flow to derive the thickness and distribution of accreted ice at the ice-lake interface.
In Section 2 we describe the bathymetry model of Lake Concordia and the boundary conditions we used as input for our established numerical lake-flow model. The model results are briefly described in Section 3 before we discuss them with respect to information available for the much larger Lake Vostok in Section 4. The final Section 5 discusses flow patterns and basal mass balance conditions which are characteristic for a large range of subglacial lakes. Table 1 Comparison of geometric parameters and flow models resolution for Lake Concordia and Lake Vostok (according to the geometry model derived by Filina et al. (2008) and applied in Thoma et al. (2008a) ). The last column shows values for Lake Concordia published by Tikku et al. (2005) .
Geometry and numerical model setup
Lake Concordia has been known since 1999-2000 when the University of Texas Institute for Geophysics (UTIG) performed an airborne geophysical survey in the Dome C area (Tikku et al., 2002; Blankenship, 2003; Filina et al., 2004 Filina et al., , 2006 . Spacing between the survey lines was 10 km. The region of Lake Concordia is sampled with six gravity profiles, shown in Figure 1 . The accuracy of free-air gravity data was estimated by comparing the measurements along repeated profiles, indicating a 1.6 mGal (1 Gal=0.01 m/s 2 ) RMS (root mean square) difference. The 3D-bathymetry model for Lake Concordia was developed via inversion airborne gravity data. If a density of 2670 kg/m 3 of the hosted rocks is assumed (as in Tikku et al., 2005) , Lake Concordia has a size of 617 km 2 , a volume of 31 km 3 , and a mean water depth of 59 m. The uncertainty in gravity data corresponds to the error in the inverted water thickness of 23 m. The inversion suggests that Lake Concordia's basin has a gently deepening western border and a relatively steep eastern one, with the maximum water depth in the north-eastern part of the lake. Figure 1 shows the ice and water column thickness, while Table 1 compares parameters of the used geometry with those presented by Tikku et al. (2005) , as well as spatial information about Lake Vostok for comparison (as applied in Thoma et al., 2008a) . The large volume difference to Tikku et al. (2005) arises from their simplified horizontal dimensions (40 km×20 km) and an overestimated (constant) water depth of 250 m.
Details about the numerical ocean/lake flow model Rombax are described in Grosfeld et al. (1997) and Thoma et al. (2006 Thoma et al. ( , 2007a Thoma et al. ( , 2008b ); here we concentrate on the differences between the set up used to model Lake Vostok and the set up applied in this study. Lake Concordia's area (volume) is only 3.6% (0.6%) of Lake Vostok's; hence we increased the horizontal resolution of our flow model Rombax by four (resulting in a grid size of about 0.8 km×1.4 km) to obtain a reasonable number of nodes. Along with this, an adjustment of the horizontal (A h ) and vertical (A v ) eddy viscosities is necessary. These values represent the macroscopic diffusion of momentum, which cannot be resolved by this type of circulation models, and are closely related to the grid size. As in Thoma et al. (2007a) , several parametrizations of the horizontal (A h ) and vertical (A v ) eddy viscosities have been tested. Finally we applied viscosities which are four times lower than those used to model Lake Vostok (A h =5 m 2 /s, A v =0.025 cm 2 /s). These values are a good compromise between suppressing important circulation features (by to much diffusion) and numerical noise (by to low diffusion). The horizontal diffusion is also consistent with the rough estimation formular A h = (L · v)/2, with the length scale L = 10 km and a typical horizontal velocity of about v = 1 mm/s. A Prandtl number of unity is choosen, which results in identical values for the diffusion of heat. According to Thoma et al. (2007a) , this is suitable for the modelling of subglacial lakes. In the vertical, sixteen terrain-following layers with a minimum thickness of 0.5 m are used. According to Tikku et al. (2005) , the geothermal heat flux into Lake Concordia is Q Geo = 57 mW/m 2 . A value which is also consistent with the work of Maule et al. (2005) , who interpreted satellite magnetic data with respect to the geothermal heat flux underneath the Antarctic Ice Sheet. However, to test the sensitivity of our model towards this parameter, we also apply values of Q Geo = 47 mW/m 2 and Q Geo = 67 mW/m 2 . The heat flux Q I into the ice can be calculated from the average ice thickness H = 4055 m, the heat conductivity of ice λ = 2.1 W/(K m) and the difference between the pressure-dependent freezing point at the lake's surface T p = −2.7
• C and the ice's surface temperature T s :
• C) over the last glacial cycles into account and considering the present-day temperature (T s ≈ −54
• C) at Dome C as a reference (i.e. Tikku et al., 2005) , the heat flux into the ice is calculated to be 24.5-30.7 mW/m 2 . The average value is about Q I = 28.6 mW/m 2 as the mean surface temperature is approximately T s = −58
• C. With this estimation, the lake's heat loss through the ice sheet is about half the geothermal heat gain. Alternatively, a temperature gradient of 2.22
• C/100 m, determined from borehole measurements at the close by EPICA drill site, is used (C. Ritz pers. comm, 2008) . This leads to a heat flux into the ice of Q I = 46.6 mW/m 2 .
Results
In the following we briefly present the model results of Lake Concordia with respect to the flow regime (Section 3.1) and the basal mass balance (Section 3.2). A compilation of important model results is given in Table 2 . Note, that all model results are rather predictions than facts, since until measurements within subglacial Lake Concordia have been performed a model validation is limited.
Circulation
The vertically integrated mass transport stream function (Figure 2a ) is divided into two parts, an anticyclonic (anticlockwise) gyre of about −0.10 mSv (1 mSv=1000 m 3 /s) in the northern part and a stronger (0.26 mSv) cyclonic gyre in the southern part of Lake Concordia. The zonal and meridional overturning exceeds strengths of about 100 µSv and 25 µSv, respectively (Figure 3 ). Melting rate in meteoric area(mm/a) 26.5 ± 10 3.9 4.8 5.3 3.1 3.8 4.5 4.2 ± 27% Lake water residence time (ka) 32 ± 4 17.5 13.6 11.6 24.4 18.6 14.9 16.8 ± 45% Table 2 Comparison of model results for Lake Vostok (according to the model presented in Thoma et al., 2008a) and for Lake Concordia from this study and from Tikku et al. (2004) . † : The modelled results are arranged as follows: First row: Q I = 28.6, second row: Q I = 46.6, first column: Q Geo = 47 mW/m 2 , second column: Q Geo = 57 mW/m 2 , third column: Q Geo = 67 mW/m 2 . ‡ : The average value referes to the mean of the six modelled results and the corresponding standard deviation (root-mean square). § : These values correspond to 60% (as suggested by Tikku et al., 2004) of 617 km 2 and 800 km 2 (compare Table 1 ).
The sensitivity of the circulation to the applied thermal forcing by geothermal heat is less than 10%. In our model simulation, the upwelling area in Lake Concordia is located in the west (Figure 2b ). Bottom water is transported mainly north-westward with velocities of about 0.2 mm/s, as indicated by black arrows in Figure 2b . The maximum vertical velocity in Lake Concordia is in the order of 1 µm/s. The flow in the upper lake levels (black arrows in Figure 4a+c ) is of the same order as at the bottom, but mainly orientated in opposite direction to the south-east. An exception is the northern tip of the lake, where freezing (see Section 3.2) causes a significant flow velocity increase to the north-west in the lake's upper part and hence induces the already mentioned anticyclonic gyre in this part of Lake Concordia.
Basal mass balance and ice accretion
While the circulation within Lake Concordia is quite insensitive to different thermal forcing, this is not the case for the modelled basal mass balance. Consequently, we present figures for two extreme thermal forcing scenarios: One where the geothermal heating is much larger than the heat loss through the ice (Q Geo > Q I ) and the other where both parameters are quite similar (Q Geo ≈ Q I ). The results are shown in Figure 4 , while calculated values are presented in Tabular 2.
In freezing areas (yellowish color in Figure 4a+c ) no heat conduction into the ice takes place and, consequently, no heat is extracted from the lake in these regions (Q the lake (or ice loss), even when the heat flux through the ice exceeds the geothermal heat flux (Q I > Q Geo ). This feature has been discussed in detail in Thoma et al. (2008b) . The mean melt rate is 4.3 mm/a±25% (depending on the heat fluxes). Freezing is restricted to the shallower area in the north (and a negligible tiny eastern edge) of 140 km 2 ± 38% with an average value of 1.1 mm/a±25%. Melting is dominant, and the overall ice-mass loss is about 1.8·10 −3 km 3 /a±47%, equivalent to a fresh water flux of 5.8·10 −2 m 3 /s±47%.
The accreted ice distribution, shown in Figure 4b+d , is modelled by applying an ice flow field heading east-northeastward with a velocity of 25 cm/a as proposed by Tikku et al. (2005) . This slow-moving flow field is combined with the modelled basal mass balance (Figure 4a+c ) to derive the accreted ice thickness by integration along ice flowlines (Thoma et al., 2008a) .
We calculate an average area of 159 km 2 ±30%, a volume of 2.6 km 3 ±76% and an average ice thickness of 15.1 m±65% of accreted ice in the north-eastern corner of Lake Concordia. The average melting rate in the residual meteoric ice area is about 4.2 mm/a±27%. 
Discussion
The modelled velocities, stream function, zonal and meridional overturning, and the turbulent kinetic energy in Lake Concordia are significantly smaller than their counterparts in Lake Vostok (Table 2 ). The main reason for this is the much smaller size of the lake. But it has to be noted that our model is limited and does not resolve eddies and/or convection, instead it uses eddy diffusivities and a convective adjustment scheme to derive averaged flow fields. This is sufficient to describe the general flow pattern and the basal mass balance at the ice-lake interface. In order to compare our model approach with possible in-situ properties, we use theoretical equations for the horizontal eddy scale (R = 15 B/f 3 ) and the larger convective velocities (u h = 2.4 B/f , u v = 4 B/f) (e.g., Wüest and Carmack, 2000; Wells and Wettlaufer, 2008) . The Coriolis parameter f = 1.4 × 10 −4 s −1 is nearly identical for both lakes. The buoyancy flux B is equivalent to the geothermal heat flux Q Geo and the pressure-and temperature-dependent thermal expansion α: B = gαQ Geo /(ρc p ), with ρc p = 4.2 × 10 6 J/(Km 3 ), g = 9.81 m/s 2 , and α = −ρ −1 ∂ρ/∂T . In Table 3 representative values for depth and temperature are given as well as the described estimates for Lake Concordia and Lake Vostok, respectively. Our values of the thermal expansion coefficient exceed those given in Wüest and Carmack (2000) significantly by about an order of magnitude (compare Table 3 ). This results from a different parametrization for the equation of state (Chen and Millero, 1986; Millero and Poisson, 1981; Jackett and McDougall, 1995) and its sensitivity to temperature derivations. However, with respect to the large uncertainties involved in subglacial environment velocity estimations, the impact of the different thermal expansion coefficients on the buoyancy flux and the estimated velocities (which differ by about a factor of two to three from those estimated in Wüest and Carmack (2000) and Wells and Wettlaufer (2008) ) is acceptable. Despite the large differences in the geometry the characteristic molecular velocities and eddy scales are very close for both lakes.
According to the basal mass exchange, the freezing area fractions of both lakes are similar (21% for Lake Vostok, ≈ 23% for Lake Concordia). These do depend on the available energy (which is the difference between the energy provided by the geothermal heat and the heat loss through the ice sheet), the ice thickness and the surface slope (Thoma et al., 2008b) . In this respect Lake Concordia and Lake Vostok may be seen as typical representatives for subglacial lakes. The larger average melt and freeze rates modelled for Lake Vostok result from the stronger advection of water along the ice-lake interface. However, due to the much smaller volume of Lake Concordia, the relative basal ice loss is significantly larger: About 0.004% to 0.009% of the lake's volume is added per year, compared to only 0.001% per year for Lake Vostok. 10 to 30 37 33 to 39 Table 3 Physical parameters and estimations of horizontal and vertical convective velocities and eddy scales for Lake Concordia and Lake Vostok. Values for Lake Vostok refere to Thoma et al. (2007a Thoma et al. ( , 2008b as well as to Wüest and Carmack (2000) and Wells and Wettlaufer (2008) , respectively. Values for Lake Concordia cover the sensitivity range for heat fluxes applied in this study.
These values would correspond to a surface uplift of 2.0 to 4.5 mm/a for Lake Concordia and 3.0 mm/a for Lake Vostok.
According to Tikku et al. (2004) freezing of ice at the lake-ice boundary exceeds melting by about 30-50% in Lake Concordia, resulting in either an ongoing reduction in lake volume, an indication of significant transport of water into the lake from a subglacial hydrological system or an underestimated amount of melting. In contrast to this, our model with a geothermal heat flux about 1.0 to 2.3 times the amount of heat loss through the ice cover, which is zero in areas where freezing takes place, indicates a lake growth of about 3.4 to 8.5·10 −2 m 3 /s (≈1.1 to 2.7·10 −3 km 3 /a). If the lake is not losing water through a subglacial hydrological system (as shown at other locations, e.g., Gray et al., 2005; Wingham et al., 2006; Fricker et al., 2007) , long term high precision GPS measurements could detect if the lake is growing or shrinking.
Our modelled average accreted ice thickness 15.1 ± 65% in the north-eastern edge of Lake Concordia is significantly lower than those of Tikku et al. (2005) (125 m), which surpasses the average water column thickness of Lake Concordia.
A lake water residence time of about 11 600 to 24 400 years can be estimated by dividing the lake's volume (31 km 3 ) by the meteoric ice area (410 to 506 km 2 ) and the corresponding average melt rates 3.1 to 5.3 mm/a. These values are significantly shorter than the estimated residence time of the water within Lake Vostok (32±4 ka, Thoma et al., 2008a) and indicate that the lake water could have been replaced twice since the last glacial maximum. Combining our numerical model results with those available for Lake Vostok (Wüest and Carmack, 2000; Williams, 2001; Mayer et al., 2003; Thoma et al., 2007a Thoma et al., , 2008b Filina et al., 2008; Wells and Wettlaufer, 2008) allows an approach to generic conclusions for subglacial lakes ( Figure 5 ): Melting occurs over most parts of a lake, and freezing is restricted to areas with relatively thinner ice. It is likely that the geothermal heat gain in most subglacial lake regions exceeds the heat flux loss through the ice. Even if the heat loss through the ice equals the geothermal heat flux a positive mass balance for the lake would remain, as in freezing areas the temperature gradient within the ice, and hence the heat conduction into the ice, vanishes (Thoma et al., 2008b) . This results in a lake growth due to melting and eventually in discharges into a subglacial hydrological network (Gray et al., 2005; Wingham et al., 2006; Fricker et al., 2007) . According to our modelling, the flow is baroclinic, and the barotropic component of the flow is split into at least two parts. The dominating constraint is the greatest water column depth of the lake where the main cyclonic/anticyclonic gyres abut. But other bathymetric features, like the ridge separating the northern part of Lake Vostok from the main basin also have impacts on the main flow direction and can generate additional, reversed gyres (Thoma et al., 2007a) . This general flow pattern superimposes a molecular convection with typical horizontal and vertical velocities of u h ≈ 1.35 ± 0.13 mm/s and u h ≈ 0.81 ± 0.08 mm/s, respectively. These velocities strongly depend on the equation of state, which hasn't been validated for sub-Antarctic conditions, yet. However, according to our modelling, the residence time of the water within Lake Concordia is even lower than that of the huge Lake Vostok and hence, it is likely that in all subglacial lakes the dispersion of possible nutrients and biota takes place within decades at most (Thoma et al., 2007b) . The modelled averaged horizontal flow is in the same order of magnitude, but according to the representation of the vertical flow the modelled vertical flow is about three orders of magnitude lower. Our model experiment for the medium-size Lake Concordia and its comparison with the results available for the giant Lake Vostok improves our knowledge about subglacial lakes. However, these lakes are still buried below several thousand meters of ice and continue to hold many secrets. Eventually, only drilling into subglacial lakes (e.g., Inman, 2005; Siegert et al., 2007) will reveal most of their mysteries.
Conclusion

